Abstract: We provide the first empirical exploration of disease-related innovation by patients and their caregivers. Our aims were to explore to what degree do patients develop innovative solutions; how many of these are unique developments; and do these solutions have positive perceived impact on the patients' overall quality of life? In addition, we explored the factors associated with patient innovation development, and sharing of the solutions that the patients developed. Methods: We administered a questionnaire via telephone interviewing to a sample of 500 rare disease patients and caregivers. The solutions reported were pre-screened by the authors for their fit with the self-developed innovation aim of the study. All the reported solutions were then validated for their novelty by two medical professionals. Logistic regression models were used to test the relationships between our key variables, patient innovation and solution sharing.
Background
There are 5000 to 8000 rare diseases which, taken together, afflict up to 8% of the world's population [1, 2] . Most are genetic and chronic, and many impose significant difficulties on the daily lives of both patients and their caregivers [3] . Patients with rare diseases also tend to be underserved both clinically and scientifically [4] . Small market size, due to each diseases' low prevalence, makes it commercially unattractive for pharmaceutical firms and other medical suppliers to invest in developing new products specifically for rare diseases [5] .
High patient need coupled with low commercial activity in rare disease marketplaces creates both a need and an incentive for patients and their caregivers to innovate for themselves to help them with respect to many quality of life issues. Studies of innovation by citizens show that useful innovation by patients to serve their own needs is likely: many citizens have been found to develop and improve products for their own use in a wide range of fields, including medical care needs [6] [7] [8] . Indeed, individuals with high and unmet need for a solution often develop a solution/product for their own use before a producer introduces an improved version of the product to the market [9, 10] .
An increasing stream of literature argues for a more prominent role of patients and caregivers in healthcare delivery [11] [12] [13] [14] . However, this literature does not yet consider the innovation capacity of patients and caregivers. Recent qualitative research has found that patients and caregivers are not only the drivers of institutional research [15] , they invent a myriad of valuable solutions to improve their own personal medical situations. These solutions span from simple tools for everyday use, through discovery of previously unknown therapies, to highly sophisticated solutions. An example of the latter is a textile mesh support for dilated heart aorta developed by a Marfan syndrome patient [16, 17] . Emergence of innovation intermediaries in healthcare [18] , and initiatives to discover and share patients' solutions (like www.patient-innovation. com) suggest that the awareness of patients' innovation capacity is increasing. Still, there is a dearth of quantitative academic research related to patient innovation.
Patients and their caregivers who develop solutions to address some of their disease related problems can potentially give valuable contributions to the stock of knowledge about their diseases and ways to cope with them. The general value of these solutions increases if the solutions diffuse. Our objectives in this study are to explore: to what degree do patients develop innovative solutions; how many of these are unique developments; do these solutions have positive perceived impact on quality of life; and, whether the patients share their solutions and how. With this paper, we aim to provide evidence of the rare diseases patients' innovation activity, and propose paths for further research on this important topic.
Methods

Data collection
We conducted a survey of patients with rare diseases with the support of an association of mental deficiencies and rare diseases located in Europe. The association has about 800 patients registered as its members and runs a help-line to support patients inquiring about administrative and disease related issues. The association documents all contacts, and together with the information on members has records of about 5000 individuals who had contacted its help-line in the period from 2009 until the end of 2012. From these 5000, the association's staff randomly selected a sample of 1000 individuals for us to contact.
Four, trained social workers with extensive experience in working with rare diseases patients within the helpline, were appointed by the Association to administer our survey. To familiarize these individuals with the content of the survey and goals of initial testing and validation of the survey, our research team organized two training meetings, and conducted two testing/validation sessions to adjust the survey to the targeted population and clarify interpretation. The interviewers contacted individuals on the association-supplied list in sequence, continuing until we had obtained completed questionnaires from 500 subjects.
Interviewers began each telephone interview session by identifying the participating organizations and explaining the purpose and topic of the survey. They proceeded to the questionnaire itself only after receiving the subjects' consent to participate. The interviewers made 546 calls to the patients from the help-line's contact list, to gather 506 responses (93% response rate), of which 500 were usable for further processing. Average call duration was 32 minutes, with calls taking anywhere from 10 to 90 minutes. All the information collected by the interviewers and included in the dataset for analysis was de-identified. Patient data was analyzed as a group with no individual disclosure of classified information according to the Helsinki Declaration for human studies. Local ethics committee (Comissão de Ética do Centro Hospitalar Lisboa Norte" (Ethics Commission of the Center of Hospitals in the North Lisbon)) gave their approval for the content of the survey. The data used in this paper, from the survey and other sources, are described in Additional file 1: Table S1 .
Our survey was partitioned into 7 sections. It contained 67 questions in total. All were grounded in user innovation literature. In the first section, we identified the respondents as patients or caregivers, and adapted the language of the questions that followed accordingly. We next asked about the limitations imposed by the patient's disease upon both patients and caregivers. We then asked about perceived needs for health-related solutions, and asked whether the patient or a caregiver had developed a solution that helped them cope with the patient's disease. Depending on the answer, respondents were branched to one of four sections; (2) no solution developed; (3) equipment or technical aid development (4) therapy development; or (5) a behavioral change developed. Respondents with developments were then asked to describe what they had developed in detail. To estimate the value provided by their solution, respondents were also asked to estimate their overall quality of life before using their solution, and after using it. We used a single-item, 7-point Likert Scale to measure the quality of life. If the respondent was a caregiver, quality of life changes for both the caregiver and the patient were asked about. The 6th section asked questions about respondent demographics, and the 7th asked about respondents' use of the Internet and medical community memberships.
We applied a two-step procedure for assessing the novelty of the solutions. In the first step, the authors of the paper removed solutions that were an obvious misfit to the aim of the study. After the initial screening, assessment of the novelty of all the solutions developed by the respondents was conducted independently by two Ph.D. medical professionals, who each had both clinical and research expertise. These individuals had available the information about the disease and its duration, the patients' gender, and hand-collected descriptions about each of the 251 diseases identified in the sample. In addition, two research assistants collected information about common therapeutic practices for the diseases. Each clinician-evaluator independently read through the patient solution descriptions and, based upon their expert medical knowledge, evaluated whether respondents' novelty claims were correct, or whether the solution was already known to them or the medical practice for the disease. While evaluating they checked the medical literature and the information collected by the research assistants. The two expert evaluators had very good interrater agreement (kappa = 0.81). Only when both agreed that a solution was novel did we code the solution as a patient innovation. If the solution was already known to medicine, although not to the respondent describing it, the solution was coded as a redevelopment. Redevelopments are of value to individual patient developers who obtain the use of a pre-existing solution in this way, but do not add to the stock of available medical knowledge -they are not new to the world. We also asked the evaluators to assess all the solutions and judge whether in their opinion the solutions are useful or helpful for the patients. Together with the evaluators, we established three criteria to assess the solutions' usefulness/helpfulness: (i) it helps the patients or caregivers in their daily activities; (ii) it may help in coping with the disease; and (iii) it is a cost saving alternative to something that already exists. The evaluators were asked to give one general assessment of the solutions as useful or notuseful, based on these three criteria. In addition, the evaluators indicated which of the solutions they considered to be dangerous.
Data analysis
In our statistical analyzes, we built and tested two multivariate discrete choice models to explore what motivated respondents to innovate in the community of rare diseases patients and what drove them to share their solutions. In the first case, our dependent variable was the validated innovation. We included the following independent variables: 1) socio-demographic variables (as shown in Table 1 ); 2) disease prevalence, obtained from external databases (OrphaNet, Medline, NIH, etc.) and categorized into 5 categories: higher than 1/1000; 1 to 9/10,000; 1 to 9/100,000; 1 to 9 in 1,000,000; or lower than 1/1,000,000; this variable was inversely coded -the lower the prevalence, the higher is the category; it allowed us to test whether lower prevalence implies higher need for solutions and higher likelihood of patient innovation; 3) disease burden: we asked the respondents to tell us to what extent does their disease impose limitations on their life, measured on a 5-point scale, from 1 -the disease imposes no limitations on my life, to 5 -the disease imposes extreme limitations on my life; 4) medical patient community membership; it indicates whether the respondent (or the patient if appropriate) belong to any formal group/association of patients with the same disease as they do. Also, to test for non-linearity of the effects of the respondents' age and their disease duration on innovation, we included squared terms of these two variables.
We built another model to test the likelihood of information disclosure. Beside the variables from the first model, we added one variable to this model: the difference in the overall quality of life between the reported values for the periods before the innovation and after the respondent used the solution; the quality of life for the two time periods was measured on a 7-point scale, from 1 -extremely low, to 7 -excellent. We conducted the analysis using two data samples: 1) full-sample with 263 reported solutions; and 2) restricted sample with 182 solutions that passed the prescreening. The rationale for including the both samples is the following: for studying the solution sharing activity, what matters is whether the respondents believe that they have developed something; to check the robustness of the results, we included the analysis using the restricted sample.
We presented our results as raw coefficients in the tables, together with robust standard errors. Continuous variables are expressed as mean and standard deviation and discrete variables as absolute frequency. In the text, we report odds ratios and 95% confidence intervals as measures of effect. Significant p-values were set to <0.05. Stata 13 software was used for data analysis.
Results
Population included in our study
Respondents' socio-demographic characteristics are described in Table 1 . As can be seen, the majority of the 500 respondents in our sample were caregivers (59%), and 85% of the respondents were women. Women also constituted 65% of all the patients in our sample.
The average age of patients in our sample was 33 years, with a standard deviation of 22 years, while the average age of the respondents was 45 years with a standard deviation of 13 years. 65% of the respondents were between 18 and 45 years old. The disease duration was 12 years with a standard deviation of 12 years. One-third of the respondents held university degrees, 51% were employed, and 64% were married or in de facto unions.
The extent and types of patient-developed innovations 263 (53%) of our 500 respondents reported having developed a solution they regarded as novel to assist them in managing their disease. The initial screening removed 81 solutions, leaving 182 (36% of 500) potentially novel solutions. Further evaluation by the expert medical evaluators suggested that the solutions of 8% of our respondents were also evaluated as novel -"new to the world" -by our expert medical evaluators. The remaining claimed innovations that passed the initial filtering were judged by our expert evaluators to be redevelopments -novel to the patient developer, but already known to medicine. In the following tables we use the restricted sample of 182 reported as novel solutions that passed the initial screening, unless otherwise indicated.
Almost all the reported solutions were also judged by the experts to be relatively safe: out of 182, only 4 (2%) of the patients' developments were judged to be potentially detrimental to patients' health by the evaluators. 73 (40%) of the patients' developments were judged to be useful, regardless of their novelty. As can be seen in Table 2 , we divided patient developments into two categories, products and services. Developments were coded as products if there was a description of a medical equipment or an assistive product, as defined in Article 2.3. of ISO 9999:2011 [19] : "any product (including devices, equipment, instruments and software), especially produced or generally available, used by or for persons with disability for participation; to protect, support, train, measure or substitute for body functions/structures and activities; or to prevent impairments, activity limitations or participation restrictions." Developments were defined as services in other cases, where we found a description of an activity or a plan of activities related to treatments or changes in strategies or behavior related to the disease. 90% of the reported solutions were categorized as services -very few were product innovations.
Examples of the solutions
Most of the solutions in our sample are technically very simple, but nonetheless offer great value to patients. Consider the case of a mother who takes care of her son, an Angelman syndrome patient. Angelman syndrome involves ataxia, inability to walk, move or balance well. The mother experimented with many strategies, recommended by the doctors, therapists, or found elsewhere, but obtained little gain for her child. By chance, at a neighbor's child's birthday party, she noticed her son excitedly jumping for strings to catch a floating helium-filled balloon. This gave her an idea and she experimented at home by filling a room with floating balloons. She found her child began jumping and reaching for the balloons for extended periods of time, amused by the challenge. The mother also added bands to support the knees and keep the child in an upright position. The result was significant improvement in her child's physical abilities. Other parents to whom she described the solution also tried the balloons strategy and had positive results. This was valued as a novel solution by the medical evaluators.
Consider now a mother of a kid with cerebral palsy. This disease, among other manifestations, makes the kid to hyper salivate. Besides being a discomfort and a potential source of disease, the hyper salivation is also a cause for social exclusion. The medical solution for this problem -removing the salivary glands -is considered by this mother as too drastic and with very limited benefits. Instead, she tried solving the problem by considering strategies that allow her son socializing more easily with other people. She developed "The Cute Turtle Collar", a kind of a turtle collar piece made of a material that absorbs well the slobber, and is both stylish and suitable to use in all weather conditions. Several of the reported solutions included descriptions of intensive physical activity, which, according to the respondents, led to moderate improvements in their overall quality of life. Daily practice of martial arts, Muay Thai and kick-boxing up to 5 hours a day, is an uncommon choice for a Trombocitopenic purpura patient. The patient opted for this sort of exercising contrary to the advice of health professionals not to engage in physical activities that could hurt the body. The respondent reported significant decrease in frequency of hemorrhages, which she associates with the intensive practice of martial arts.
Another case from our sample, that also involves intense physical activity, is of a boy afflicted by CharcotMarie-Tooth disease. This disease makes the patients progressively lose muscle tissue and touch sensation, and often the first visible symptoms of the disease appear in legs and hands. The boy's daily practice of playing piano has slowed down the disease's development in hands and masked some of the symptoms, which made the diagnostic process harder. He continued playing the piano, and the hands remained fully functional, with little or no sign of the disease, while he may need a foot surgery to maintain the desired level of functionality. Benefits of physical exercise are well-known, but, in this case, the intensity of the exercise may have changed the development of the disease. This information may be useful for medical professionals in establishing a correct diagnosis for similar cases earlier, and also as a strategy to be considered by other patients and caregivers.
The vast majority of the innovations in our sample have been developed to increase the patients' autonomy. For example, a patient with Myasthenia gravis, an autoimmune neuromuscular junction disorder, reported designing several products custom-built according to her specifications. She described a design of one of the tools -a metal two-hook button aid that helps her button pants without assistance of others. Although an online search quickly reveals variety of button hooks, patients, as is the case described, often experiment with the design to make the one that better fit their specific condition and needs. Other solutions reported involved experimentation with the design of elements commonly found in any household; for example, optimization of the height and width of stairs to improve mobility, or design of tables and chairs with added features to increase safety of hyperactive children with cognitive limitations.
The impact of the solutions
The majority of the respondents who reported a solution described substantial improvements in their overall quality of life as a result of using their solutions. For solutions that were new to the patient but not new to the world, the mean improvement in quality of life of the patients was 1.6 on a seven-point Likert scale. For solutions that were new to the world, the improvement in quality of life of the patients was 2 points on a sevenpoint Likert scale. Caregivers reported mean improvements in the quality of their lives of 1.4 for non-novel and 1.9 for novel solutions ( Table 3) .
Quality of life improvements resulting from using the innovations were significant (p < 0.001, two-tailed t-test).
The difference in quality of life improvements was not significantly different (p < 0.21, two-tailed t-test) in the case of innovations that were new to the individual patient/respondent compared to new to the world.
We matched the perceptions of the solutions' usefulness, as seen by medical experts, with the patients' perceptions of their overall quality of life improvements due to use of their solutions. The experts judged as not helpful 68 (59%) of 115 solutions that the patients reported as beneficial for their quality of life. Also, the experts judged as useful 23 (44%) of 52 solutions for which patients reported no improvements ( Table 4) .
The extent and type of solution diffusion
In our sample of respondents, we found that 32% (84) of all the patients and caregivers who reported solutions also reported investing efforts to share their solutions with others. After the initial screening, of the remaining 182 solutions (restricted sample), 55 (30%) respondents reported sharing their solutions with others (Table 5) . We asked about seven types of diffusion effort that they might have undertaken. On average, they reported engaging in 1.5 of these diffusion activities in the restricted sample. 39 (71%) individuals reported only engaging in one of the seven possible diffusion activities. Diffusion effort was significantly higher (p < 0.05, twotailed t-test) in the case of innovations that were new to the world than in the case of redevelopments that were only new to the individual patient/respondent, but only in the non-restricted sample. In the restricted sample there was no statistically significant difference between the two groups.
Considering the full-sample, the most common mode of sharing was patient-to-patient, reported by 74 individuals -88% of those who shared a solution. Interestingly, only 5 individuals -6% of the respondents who shared solutions -shared their solutions with their doctors. Sharing with commercial firms occurred in 3 cases. In four cases, patients or caregivers spent time or money to help diffuse their innovations. In three of these cases, the developers also reported making a manual or documentation to help others use their solutions.
What influences patient innovation and solution sharing
We next assess factors that are associated with patients' likelihood of developing and sharing their novel developments.
Two factors may help predicting patient's likelihood to innovate (model 1, Table 6 ). The coefficient next to perception of limitation on life imposed by their disease is positive and statistically significant (p < 0.05): a onepoint increase in perceived limitations imposed by the disease increases odds of patient innovating by a factor of 1.3 (95% CI: 1.0 -1.7), everything else held constant (model 1). Also, having a university degree increases likelihood of patient innovation, with an increase of odds of patient innovating by a factor of 2 (95% CI: 1.0 -3.0; p < 0.05) (model 1).
In models 2 and 3 we explored factors significantly associated with innovation sharing. Model 2 included the full sample of 263 reported solutions, while model 3 included only 182 reported solutions that passed the initial screening. The strongest predictor of information sharing was the observed difference in the respondents' overall quality of life before and after using a solution, in both models 2 and 3. A one-point increase in the perceived difference increased odds of sharing the solution by a factor of 1.7 (95% CI: 1.4 -2.1), everything else held constant (p < 0.01) (model 2). The effect was robust to the change in the sample size in both the magnitude and the statistical significance. Also, we found an inverted U relationship between the age and the likelihood of sharing a solution -the effect of age on the predicted probability becomes negative after the age of 55 (p < 0.05) (model 2). The non-linear effect of age on the solution sharing did not maintain the statistical significance level in the non-restricted sample, although both the sign and the coefficient remained the same (model 3). Also, a major difference between models 2 and 3 is that duration of a disease has positive and non-linear relationship with the solution sharing in model 3, which was not the case in model 2. The instability of the results for the age and disease duration with respect to the solution sharing suggests that further exploration is needed to clarify these effects.
Discussion
Our first-of-type study has found that 36% of our sample of rare disease patients and/or their non-professional caregivers have self-developed improvements to the management of their diseases and that use of these, significantly improved their quality of life. Our expert clinical evaluators determined that 40 (22%) of these 182 claimed improvements were new-to-the-world. The rest were already known to medicine, although not to the patient or caregivers who redeveloped them.
We suggest that our results have significant implications for all stakeholders in the health care delivery process related to rare diseases. An estimated 6% to 8% of the world's population -hundreds of millions of people -are afflicted by rare diseases. It is known that commercial innovation efforts on these patients' behalf are negatively affected by small market sizes. Our finding that 8% of rare disease patients and/or their nonprofessional caregivers have developed valuable, new to the world innovations to improve their own care suggests that a massive, non-commercial source of medical innovations exists. It is today largely hidden due to a lack of diffusion efforts by innovating patients, but efforts could be made to change this situation. Note: *the difference in the number of dangerous solutions in Tables 2 and 4 is due to missing experts-patients pairs of usefulness-QoL impact estimates.
Significant positive relationships were found between the limitations caused by an illness, and also education level and likelihood of innovation. Both findings are in line with findings from other studies of innovation patterns among individual citizens [6, 7, 20] . We also found that the extent of improvement of patient quality of life from their developments is significantly positively associated with efforts to diffuse their innovations to others. Our data uncovered a potential principal-agent problem: patients systematically valuing different innovations than doctors do, as suggested by the observed differences between patient and clinician evaluations of usefulness (Table 4) . In further work, we suggest that the sources of this difference should be explored. It is possible, we think, that clinicians assess the usefulness of innovations primarily in terms of whether they affect the clinical course of a disease in beneficial ways. In contrast patients may greatly value innovations that may have no impact on the course of their disease, but that improve their comfort or other aspects of their quality of life while living with their disease.
Recall that we found that most patient improvement development efforts were devoted to re-inventing known Made a manual or documentation that helps using the solution 5% 3% 5% 5% Table 6 Logit models of likelihood of patient innovation and solution sharing solutions of which they were not aware: only 22% of the solutions patients and caregivers developed were judged new to the world by our expert clinician raters. This suggests that information on known solutions, as well as novel ones, is today poorly diffused, and/or that information provided by clinicians is poorly absorbed by many patients. The duration of typical medical appointments are quite limited, and our finding may be due to this. A possibly related finding is that only 6% of patients reported describing their innovations to their clinicians. Direct patient-to-patient information sharing was the most common mode of innovation diffusion and was reported by 88% of those who shared solutions. The second most common mode of sharing was via blogs/ websites/social networks, reported by 25% of those who shared solutions. Rare disease patients and caregivers are known to actively use the Internet and social networks to find and provide help and connect with others patients and caregivers [21, 22] . As 85% of the respondents in our sample use the Internet, and of these 71% use social networks, the reported level of solution sharing over the Internet appears low. Non-sharing of potentially useful solutions developed by individual citizens has been identified as a market failure in the user innovation literature [23] . Future research should explore diffusion incentives and effective channels for diffusion, taking into consideration that different age groups may have different requirements and behavioral patterns.
While our sample offers technically simple solutions, patient-developed solutions can also be technically very advanced. As illustration, consider the innovation (not found in this study sample) developed by a hydraulics engineer with Marfan syndrome. This individual had an aortic root aneurysm. Drawing upon his hydraulics engineering background, he developed a personalized external aortic support made from mesh to prevent a progressively enlarging aorta from prematurely ending his life [16, 24] . More precisely, the patient assembled a medical and technical team and raised research and development money to further implement and diffuse his innovation. Upon development, his surgeon successfully installed the aortic support, and the clinical advantage was clear. To date, the novel treatment has been successfully applied to more than 40 patients in the period from 2004 to 2014 [25] .
Given the novelty and medical value of some patientdeveloped innovations, as documented in this and other studies, we suggest that further research on this topic should be conducted. It would also be useful, we suggest, to develop and experiment with systems to collect and medically evaluate novel solutions developed by patients, to identify those worthy of further testing, improvement, and diffusion.
Study limitations
This study into innovation development by patients and caregivers has several limitations. First, our sample of patients and caregivers are retrieved from a population of those who have already reached out towards the rare disease association for help via a helpline. These individuals may be more or less likely to innovate than those who did not make contact. Also, our respondents are dominantly women, indicating that female patients or caregivers are more likely to reach out for help through this particular patient association. This creates a modest conservative bias in our findings regarding innovation levels among patients and caregivers.
Second, telephone interviews rather than site visits are likely to understate the level of patient and caregiver innovations that actually exist. Individuals often do not recognize their activities as innovative, or do not report novel developments they make. This limitation makes the observed frequency of patient innovation a lower boundary for the observed population.
Third, self-assessment of satisfaction with a selfdeveloped solution is known to be inflated by the pride individuals take in their self-developed solutions [26] . In addition, our quality of life measure is a single item scale that makes it open to individual interpretation and limits the ability to compare it across different individuals. This item does capture how people feel about their solutions, but caution is needed in interpreting the results.
Conclusions
We found that 36% of our sample of rare disease patients and/or their non-professional caregivers had developed improvements to the management of their diseases that significantly improved their quality of life. Our expert clinical evaluators determined that 22% of these claimed improvements were new-to-the-world, and that the rest were already known to medicine, even if not to the patient or caregivers who redeveloped them. If further research finds that similar frequencies hold for the broader population, the estimated 6% to 8% of the world's population afflicted by rare diseases may collectively offer a tremendous source of information on how to improve patient medical care. Their contributions may complement the efforts by policy makers, research entities, and producers, to help improve the difficult situation of rare disease patients, whose needs for innovations are often underserved.
It is important to continue investigating how rare disease patients and caregivers can be helped in their innovation activity, how innovations can be professionally assessed, and how patient-developed innovations determined to be of general value can be diffused for broader long-term public health benefits.
